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A la Fig. 3.1. es mostra l’esquema general d’una instal·lació tipus que està formada 
per les unitats següents: el digestor, on es produeixen les reaccions de producció del 
biogàs, els dipòsits d’entrada de residus a digerir (influent) i de sortida de digerits 
(efluent), el magatzem de biogàs (gasòmetre), la vàlvula de segu retat, la unitat de 
tractament del biogàs per a depurar-lo, la unitat de transformació energètica (cal-
dera, cogenerador o altre equip) i la torxa d’emergència per a la combustió del biogàs 
en moments en què la seva producció excedeixi el consum energètic i no hi hagi prou 
capacitat de magatzem. Hi ha tres circuits generals: el de matèria orgànica, el de gas 
i el de cale facció del digestor.
3.1. Digestor
El digestor és el cor de la instal·lació. Ha de ser un re cipient estanc, amb un volum 
ocupat per la massa en digestió que correspon al temps de retenció de disseny, i 
un volum de cap, ocupat pel gas, suficient per acu mular escumes que es produeixin 
i perquè aquestes no passin al circuit de gas. El tipus de digestor més uti litzat és 
el de mescla completa, que consisteix en un re actor cilíndric en el qual un sistema 
d’agitació permet homogeneïtzar el material de digestió i evitar que els sòlids se se-
dimentin i s’acumulin al fons. Si ho fessin, podria minvar el volum útil de digestió i, 
per tant, el temps efectiu de retenció. Malgrat un bon disseny, sovint no es pot evitar 
l’acumulació de sorres i altres materials que s’arrosseguen amb els residus a digerir. 
3. Descripció 
d’instal·lacions
Fig. 3.1. Esquema ge-
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9&! )(8:12&)! 7?1)(7*7/! (! /7! =:&44(+! =7:*(7/! 9&! Nb-! Uv7X&:! f#! &8! 7/#M! -,,RV#! ./4!
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4(8B7*(+!9&!410:&*3::&27!1:23)(*7M!7?0!=:19B**(+!9&!?>4!3*(94!9&/4!FB&!=19&)!*1)4B?(:!&/!





*1?! 7! '1)8! 9&! *7:01)(! (! &)&:2(7M! 87?0>! )&*&44(8&)! B)! 4B0?()(48:7?&)8! 79&FB78! 9&!
)B8:(&)84!?()&:7/4!=&:!=19&:!*:>(Z&:\!41':&M! ';4'1:M!=18744(M!*7/*(M!?72)&4(! (!*&:84!&/&?&)84!
8:7Q7!*1?!'&::1M!?7)27)I4M!?1/(09IM!i()*M!*107/8M!4&/&)(M!8B)248I!(!)^FB&/M!(!87?0>!)(8:12&)!
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*&/r/B/7:! 9&/4! ?(*:11:27)(4?&4! 7)7&:10(4#! f)7! '1:?7! 9J&FB(/(0:7:! 7FB&487! :&/7*(+! >4!
?(8P7)Q7)8! ?&4*/&4! 9&! :&4(9B4! 7?0! :&/7*(1)4! N\K! 9('&:&)84! U*19(2&48(+VM! UE/18784! j#! (!
S7:FB&//7! a#M! -,,HV#! a&4! :&/7*(1)4! ;=8(?&4! 9&! N\K! (! N\A! =&:! &6(87:! B)7! :&9B**(+! 9&! /7!
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a7! 4&/&**(+!9&/! 8&?=4!9&! :&8&)*(+!;=8(?!)1!)1?>4!9&=I)!9&! /7! 8&?=&:78B:7! 7! /7! FB7/! &4!
9+)7!&/!=:1*>4M! 4()+! 87?0>!9&! /7! *1?=14(*(+!9&/! 4B048:78! (! 9&! /J7**(+! (! &/! *:&(Z&?&)8!9&/4!
?(*:11:27)(4?&4#!5?0!818M!&/!8&?=4!9&!:&8&)*(+!FB&97!/(?(878!7!B)!?^)(?!FB&!&4!*1::&4=1)!
7/! FBI! /(?(87! /7! ?78&(Z7! FB7)8(878! 9&! ?(*:11:27)(4?&4! FB&! /7! FB&! &4! 2&)&:7! 7/! 4(48&?7#!
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9&!:&8&)*(+!>4!?&)1:M!9&!?7)&:7!FB&!/7!9&4*1?=14(*(+!9&!/7!?78I:(7!1:23)(*7!67!07(Z7)8#!
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UG-SM!Sb<-]VM!7/2B)4!*78(1)4M!&/4!?&87//4!=&4784!(M!'()4!(!818M!/J1Z(2&)#!.4!=7:/7!9&!81Z(*(878!FB7)!
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7)7&:10(4#!5FB&48&4!4B0483)*(&4! 8;Z(FB&4!1! ()X(0(91:&4!=19&)!4&:!4B0=:19B*8&4!9&! /J7*8(6(878!
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%B:7)8! &/! =:1*>4! 9&! 9(2&48(+! 7)7&:;0(7M! /J7?1)^7*! &4! '1:?7! =&:! /7! 9&2:797*(+! 0(1/;2(*7! 9&/!
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2&)&:79&4!9B:7)8!&/!=:1*>4!7)7&:10(!FB&!87?0>!*1)8&)&)!7?1)^7*M!*1?!/&4!7?()&4!UO7:8^!K#M!
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7?0(&)87/4M! *1?! B)7! 410:&*7::&27! 9J5qt! 1! 9&! )(8:12&)! 7?1)(7*7/! UNX&)! y#! &8! 7/M! -,,Hl!
s7[X7)(7)!O#M!$CCCV#!f)!()*:&?&)8!9&!/7!*1)*&)8:7*(+!9&4!9&!<,@$!?2]n5Kca!'()4!7!@R"<!?2]
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biodegradable organic matter than other livestock wastes. Bujoc-
zek et al. (2000) studied the anaerobic degradation of chickenman-
ure and observed that threshold level of unionized NH3 that is toxic
to methanogenesis ranged above 250 mg/L with 10% total solids at
35 !C. Table 2 presents the synopsis of various studies on ammonia
inhibition during the anaerobic digestion of organic feedstock‘s
especially for the animal wastes.
2.2. Inhibition of AD of industrial and municipal waste by FAN
Kayhanian (1999) investigated the inhibition of AD process of
organic fraction of municipal solid waste (OFMSW) in pilot-scale
high solids anaerobic reactor at a FAN concentration of 45 mg/L
at 55 !C and pH of 7.2. In another experiment operated for
450 days, FAN concentration was increased to 800 mg/L; in five
identical UASB reactors seeded with different sludges. Three of
the seed sludges for reactors R1, R2 and R3 were taken from full
scale anaerobic reactors treating corn processing, alcohol distillery
and snack food processing wastewaters, respectively. The fourth
reactor R4 was inoculated with seed sludge taken from a labora-
tory scale reactor treating young municipal solid waste landfill
leachate. For the fifth reactor R5, seed sludge was obtained by con-
centrating the biomass in the above-mentioned leachate. Accord-
ing to the 16S rRNA-based fluorescent in situ hybridization
(FISH) results, the FAN levels above 200 mg/L inhibited the propi-
onate degrading acetogenic bacteria in R1, R2 and R3 (at pH 7.7
and 35 !C) and resulted in increase of propionate concentration
in these reactors. This result indicated that propionate degrading
acetogenic bacteria are more sensitive than methanogenic archaea
to FAN levels. However, AD process in bioreactors R4 and R5 at pH
8.1 tolerated increments in FAN concentrations up to 800 mg/L,
which showed the existence of propionate degraders resistant to
high levels of FAN (Calli et al., 2005).
Shanmugam and Horan (2009), reported the co-digestion of
leather fleshing (LF) with biodegradable fraction of municipal
solids waste. The optimum conditions were found with a blend
that provided C:N ratio of 15 and pH of 6.5. At higher pH of 8.5,
concentration of FAN reached 2473 mg/L and coincided with poor
biogas yield that confirmed ammonia toxicity.
3. Mechanisms of ammonia inhibition and the microbial
indicators
Many pathways for the ammonia inhibition have been pro-
posed, such as a change in intracellular pH of methanogens, in-
crease of maintenance energy requirement and inhibition of a
specific enzyme reaction. Ammonium ion (NHþ4 ) and free (union-
ized) ammonia nitrogen (NH3) are the two principal forms of inor-
ganic ammonia nitrogen in aqueous anaerobic process. FAN has
been suggested to be the main cause of inhibition due to its high
permeability to bacterial cell membrane (Müller et al., 2006).
Knowledge of how ammonia toxicity occurs is limited and few
studies with pure cultures have shown that ammonia may affect
methanogenic bacteria in two ways: (i) ammonium ion may inhibit
the methane producing enzymes directly and/or (ii) hydrophobic
ammonia molecule may diffuse passively into bacterial cells, caus-
ing proton imbalance or potassium deficiency (Gallert et al., 1998).
A fraction of NH3 that enters into the cells causes a pH change due
to its conversion into ammonium (NHþ4 ), while absorbing protons
in the process. The cells must then consume energy in proton bal-
ancing, using a potassium (K+) pump to maintain the intracellular
pH, thus increasing maintenance energy requirements and poten-
tially causing inhibition of specific enzyme reactions (Wittmann
et al., 1995). Diffusion of ammonia molecules into cell wall de-
pends on the physiology of methanogens. Nowadays, research on
inhibition of AD process by ammonia is focused on the evolution
of methanogenic populations with increasing NH3 levels. In this
perspective, Calli et al. (2005) suggested that aceticlastic species
might be more sensitive than hydrogenotrophic species to FAN.
According to Karakashev et al. (2005), Methanosaetaceae species
appears to be more sensitive among the aceticlastics to FAN accu-
mulations than Methasorsarcinaceae, which has been found to be
the dominant aceticlastic order at high NH3 concentration
(4100 mg N–NH3/L). Similar results were obtained by Calli et al.
(2005) when evaluating the effect of methanogenic diversity in
anaerobic digesters fed with synthetic wastewater exposed to a
gradual increase in NH3 levels (ranging from 1000 to 6000 mg/L).
Although, studies have focused on Methanosaetaceae vs. Methasor-
sarcinaceae dominance during high NH3 concentrations, usually,
hydrogenotrophic methanogenesis dominates in the AD systems
while working with high NH3 levels (Karakashev et al., 2005; Song
et al., 2010). Nevertheless, the impact of NH3 concentration on
hydrogenotrophic methanogens has been estimated to a lower
extent. Wiegant and Zeeman (1986) noticed that Methanosarcina
are large spherical cells with more volume-to-surface ratio
than smaller rod-shaped Methanothrix, as a result, the diffusion
of FAN will be less into the Methanosarcina than Methanothrix.
Accordingly, the removal of NH3 would cost less energy for
Methanosarcina.
4. Strategies for controlling the ammonia inhibition
Ammonia inhibition could intrude the AD process to different
levels resulting in serious economic losses to the biogas plants.
Inhibitions varying from moderate suboptimal reactor perfor-
mances (i.e. inhibition of steady state), where primarily the meth-
anogens are inhibited and VFAs are accumulated heading to
rigorous inhibition affecting all phases of the AD process (Hansen
et al., 1998; Nielsen and Angelidaki, 2008). In this context, numer-
ous studies have attempted to come up with the practical solutions
Table 1
Effect of ammonia levels on the anaerobic digestion process.
Effect on AD process Ammonia (mg
NH4–N/L)
References
Beneficial 50–200 McCarty (1964)
No antagonistic effect 200–1000 Hobson and Shaw (1976)
Inhibition (especially at
higher pH values)
1500–3000 Angelidaki and Ahring
(1993)
Complete inhibition or
toxic at any pH
>3000 Sung and Liu (2003),
Procházka et al. (2012)
Fig. 1. Free ammonia percentage in solution at 20, 35 and 55 !C and varying pH
(calculated from Eq. (2)) [adapted from Fernandes et al. (2012)].
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Fig. 5 shows the relationship between acclimation
and pH drop-off range estimated using Eq. (2). Similar
to IC50 defined earlier, inside the pH drop-off range the
inhibition was below 50%. The higher acclimation TAN
concentrations could increase the drop-off ranges. Thus,
acclimation could increase the methanogens! ability to
tolerate pH changes. Since pH effect is significant in
anaerobic digestion, acclimation to a certain level of
TAN would also be beneficial for a stable system per-
formance.
3.5. TAN, pH and acclimation
To study the combined effects of TAN, pH and
acclimation on the methanogenic activity, a quadratic
regression of ammonia inhibition was carried out with
predictors of TAN and pH for four different acclimation
conditions. The ranges of pH (5.5–8.5) and TAN con-
centrations (0–13 g/l) chosen for Fig. 6 were much wider
than what was observed in the experiments. The pe-
ripheral area was predicted using the quadratic model.
The differences among (a), (b), (c) and (d) could be re-
garded as the effect of acclimation. The figures show a
much better view of the combined effects of TAN, pH
and acclimation on SMA. As evident from these con-
tours, higher methanogenic activities were observed at
lower TAN concentrations and around neutral pH for
biomass acclimated to low TAN concentration. Both pH
and TAN are the factors responsible for the inhibition of
methanogens. Lower TAN concentrations (<1.5 g/l) did
not show any detrimental effect on SMA, whereas higher
TAN concentrations (>4.0 g/l) caused an appreciable
inhibition. Acclimation was another important factor
that changed the pattern of pH and TAN inhibition. For
biomass acclimated to the higher TAN concentrations,
the contours became shorter and flatter. On one hand,
acclimation (to high TAN concentrations) decreased the
overall methanogenic activity while on the other hand it
increased the tolerance of methanogens to TAN and pH
variations. These contours also show that the highest
methanogenic activity was observed away from the zero
TAN concentration after acclimation to higher TAN
concentrations.
4. Conclusions
The CSTRs subjected to five different levels of
TAN revealed a chronic inhibition of aceticlastic
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Fig. 4. Effect of pH on specific methanogenic activity at various
levels of TAN for biomass acclimated to 1.20 g/l of TAN.
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methanogenic cultures were subjected to sudden in-
crease in TAN concentrations. The results showed
an improved methanogenic activity at lower TAN con-
centrations (<1.5 g/l), however higher TAN concentra-
tions (>4.0 g/l) caused an obvious inhibition of
methanogenesis. The analysis of ATA data using ex-
tended Monod model revealed uncompetitive inhibition
characteristics. Although, acclimation (to high TAN
levels) caused a decreased in overall methanogenic ac-
tivity, it increased the tolerance of methanogens to TAN
and pH variations.
Acknowledgements
This study was supported by a grant from US De-
partment of Agriculture through the Iowa Biotechnol-
ogy Byproducts Consortium.
References
American Public Health Association, American Water Works
Association, Water Environmental Federation, 1998. Stan-
dard Methods for the Examination of Water and Waste-
water, 20th ed., Washington, DC.
Angelidaki, I., Ahring, B.K., 994. Anaerobic thermophilic
digestion of manure at different ammonia loads: effect of
temperature. Water Research 28, 727–731.
Angelidaki, I., Ellegaard, L., Ahring, B.K., 1993. A mathemat-
ical model for dynamic simulation of anaerobic digestion of
complex substrate: focusing on ammonia inhibition. Bio-
technology and Bioengineering 42, 159–166.
Broyden, C.G., 1965. A class of methods for solving nonlinear
simultaneous equations. Mathematical Computation 19,
577–593.
Gallert, C., Winter, J., 1997. Mesophilic and thermophilic
anaerobic digestion of source-sorted organic waste: effect
of ammonia on glucose degradation and methane produc-
tion. Applied Microbiology and Biotechnology 48, 405–
410.
Grady Jr., C.P.L., Daigger, G.T., Lim, H.C., 1999. Biological
Wastewater Treatment, second ed. Marcel Dekker, New
York.
Han, K., Levenspiel, O., 1988. Extended Monod kinetics for
substrate, product, and cell inhibition. Biotechnology and
Bioengineering 32, 430–437.
Hansen, K.H., Angelidaki, I., Ahring, B.K., 1997. Anaerobic
digestion of swine manure: inhibition by ammonia. Water
Research 32, 5–12.
Fig. 6. Specific methanogenic activity at various pH and TAN concentrations for biomass acclimated to TAN concentration of
(a) 0.40, (b) 1.20, (c), 3.05 and (d) 4.92.
S. Sung, T. Liu / Chemosphere 53 (2003) 43–52 51
55# !"#$%$&$'()*+(,-.&/0()*()$1*02$'(3"3*-4%$3(,*-("$2-.1*"(35."$3&3+!
!





























+)3,-9'+! *(-+)*7*#! '+! 1+! &)9'03-,! *+*',-.)! )>! $',! 3*+3>! ()##-,*,W+'! '#! 61+7)-+*('+3! )!
*19('+3*,! '#! ,'+&)('+3! &'! #*! .)-('3*+)3f*7)8<! "?)03')?'+! &)2',0'0! 3L7+)51'0! $',! '#)()+*,! '#!
+)3,-9'+! *(-+)*7*#! &'#! 01.03,*3>! *51'03'0! 0:*$#)51'+! *.*+0! &'! #*! &)9'03)8! *+*',M.)*>! '+!
$*,*#g#'#!*!#*!&)9'03)8!-!*5c=*6,!*#!(*3')?!&)9'03-,<!!
"#!+)3,-9'+!'0!$-3!'#)()+*,!()34*+r*+3!$,-7'00-0!6)0)7-51;()70!7-(!#*!6)#3,*7)8!*(.!('(.,*+'0>!





'#! $,-7/0! *+*',M.)7! 419*+3! *(.! '#0! $*,_('3,'0! 51'! *6'73'+! #*! 7-+7'+3,*7)8! &'! +)3,-9'+!
*(-+)*7*#k! $%>! 3'($',*31,*>! 7-&)9'03)8! $',! -$3)()3f*,! #*! ,'#*7)8! Bk]>! &)#17)8! &'#! 01.03,*3>!
*&&)7)8!&:'#'('+30!3,*r*!*+3*9M+)70>!*19('+3!&'#!3'($0!&'!,'3'+7)8!K)&,_1#)7!)!)((-.)#)3f*7)8!
&'#0!()7,--,9*+)0('0<!!
"#0! &-0! (L3-&'0! 6)0)7-51;()70! (/0! 13)#)3f*30! 08+! #:*,,-00'9*('+3! *(.! *),'! )! #:p0! &'!
.'07*+2)*&-,0! )M+)70! )! *&0-,.'+30>! 4*! 51'! 3-30! &-0! 08+! 3L7+)7*('+3! $-00).#'0! *! *#3'0!
7-+7'+3,*7)-+0! &:*(-+;*7! CBK'+! n<! '3! *#<>! FGGXI<! "#0!(L3-&'0!&),'73'0! 13)#)3f*30! $',! ,'&1),! #*!
)+K).)7)8!$',!*(-+;*7!+'7'00)3'+!(-#3! 3'($0!$',! 0',!'6)7)'+30! )! *19('+3'+!(*00*!'#! 7-03!&'!
$,-&177)8!&'#!.)-9_0!C`-3)&)0!a<J<!'3!*#<>!FHGeI<!"#0!(L3-&'0!.)-#M9)70!08+!'#0!(/0!)++-2*&-,0!)!
&:'+3,*&*! 0'(.#'+!(/0! $,-('3'&-,0<! c',! 3*#! &'! 3,-.*,! +-10! '+6-7*('+30! $',! 6',! 6,-+3! *! #*!
)+K).)7)8!*(-+)*7*#!)!*19('+3*,! *5c=*6,!'#!,'+&)('+3!&'!#*!.)-('3*+)3f*7)8>!/0!+'7'00_,)*!(/0!
)+2'03)9*7)8! &'! 7-(! '#! +)3,-9'+! *(-+)*7*#! *6'73*! #*! 7-($-0)7)8! ()7,-.)*+*! )! 3*(./! '0!
,'51',')?'+! +-2'0! 2)'0! .)-51;()51'0! '+! '#0! &)9'03-,0! &'! .)-9_0>! $',! '?'($#'>! *(.!
()7,--,9*+)0('0! 3-#',*+30! *! #:*(-+;*7>! *(.! #*! 0'#'77)8! &'! 7-+&)7)-+0! 51'! $,-(-91)+! *#3,'0!
2)'0!('3*.M#)51'0!7-+2'+)'+30>!'37<!C`-3)&)0!a<J<!'3!*#<>!FHGeI<!!
"#0!'6#1'+30!&'#!&)9'03-,!7-+3'+'+!1+*!'#'2*&*!7-+7'+3,*7)8!&'!+)3,-9'+!*(-+)*7*#>!+'7'00)3'+!
0',! 3,*73*30!*&&)7)-+*#('+3!$',!7-($#),! #'0!+-,(*3)2'0! ,'91#*&-,'0!$'#!51'! 6*!*!'()00)-+0!*#!!





+)3,-9'+! *(-+)*7*#! 3*(./! '0! $-3! '#)()+*,! ()34*+r*+3! 7-+2',0)8! '#'73,-51;()7*>! p0! &'!
()7,--+'0! )! 1#3,*0-+0<! J51'030! $',M! +-! 0:*$#)51'+! 7-(! *! $,'3,*73*('+3! &'! #*! .)-(*00*!
,'0)&1*#!*.*+0!&'!#*!&)9'03)8!*+*',M.)*!Co*#R',!\<!'3!*#<>!FGHHI<!!
"%E%# ',:1:90):B# +'# 9:*3<C'9# 01<9:0)0,# 1:*F09G09*# )<9*0)*<37# +'#
1'1D309'7#+'#(:D30#D4:+0#
"#0!7-+3*73-,0!&'!('(.,*+'0!08+!'51)$0!13)#)3f*30!$',!*$#)7*7)-+0!&'!3,*+06',L+7)*!&'!9*0-0!'+!





&'#! 7-03*3! -+! K)! /0! *! 1+*! 7-+7'+3,*7)8! *#3*! *#! 7-03*3! -+! K)! /0! *(.!('+-,! 7-+7'+3,*7)8>! 6)+0!
*,,).*,!*! #:'51)#).,)! )!*! #*!2'9*&*!51'!2*!,'*77)-+*+3!*(.! #:*9'+3!'?3,*73-,! CouJc>!FGHHI<!='0!
('(.,*+'0!&'!6).,*!.1)&*!08+!()7,-$-,-0'0!)!K)&,-6M.)51'0>!/0!*!&),>!+-!$',('3'+!'#!$*0!&'!
#:*)91*!*#! 0'1! 3,*2/0! C=''!n<!'3!*#<>! FGGeI<! =*!K)&,-6-.)7)3*3! )! '#0!$'3)30!$-,10!&'! #*!('(.,*+*!
)($'&')?'+!'#!6#1?!&'!#;51)&!*#!0'1!3,*2/0!*00'91,*+3!51'!#'0!&1'0!6*0'0!'0!(*+3'+'+!0'$*,*&'0!




=:*(-+;*7! /0! 1+! 9*0! '?3,'(*&*('+3! 0-#1.#'! '+! _7)&! 01#6p,)7<! c',! 3*+3>! 1+*! 0-#17)8! *51-0*!
&:_7)&! 01#6p,)7! *731*! 7-(!1+*!&)00-#17)8!&:*,,-00'9*('+3>!'00'+3!*51'03!1+!*9'+3!*.0-,.'+3!
51'!3/!*#3*!*6)+)3*3!$',!#:*(-+;*7!'+!,'*77)-+*,WK)!!6-,(*+3!01#6*3!&:*(-+)!CvK1!v<!'3!*#<>!FGGOI<!
"#!$,-7/0!&:'#)()+*7)8!&'!#:*(-+;*7!51'!7-+3/!'#!01.03,*3!&'!#*!&)9'03)8!*+*',M.)*!7-+0)03')?!'+!




6. Membrane contactors 
Hollow fiber membrane contactors (HFMC) have been used to remove volatile compounds 
from water and wastewater. The hollow fibers used are commonly microporous and 
hydrophobic (Lee et al., 003). In this process, the feed and stripping solution are flowing on 
either side of a membrane. Membrane contactors are divided in two parts: an internal side 
(Lumen) and an external side (Shell). Since the membrane is hydrophobic, it prevents 
aqueous solution, which has higher surface tension, to penetrate the gas-filled pores. The 
volatile compounds will volatilize from the feed, diffuse through the gas-filled membrane 
pores, and react with the stripping solution (Zhu et al., 2005). In Figure 3 is shown a typical 
configuration of membrane contactor: 
 
Figure 3. Membrane contactor (Gabelman, and Hwangb, 1999) 
Several theoretical studies have been carried out to understand the mechanism of gas 
removal using a hollow fiber membrane contactor and a variety of mathematical models have 
been developed. The focus of most of the studies has been on ammonia (NH3) and carbon 
dioxide (CO2), which are the common impurities present in industrial wastewater effluents 
and gas emissions respectively (Agrahari et al., 2012). 
Different types of membrane such as symmetric hydrophobic porous membranes or 
asymmetric membranes with ultra-thin layers can be used as a gas?liquid membrane 
contactor (Atchariyawut, et al., 2006; Albrecht et al., 2005). In both cases the membrane 
must be able to separate the contacting fluids. Typical membranes used are prepared from 
hydrophobic polymer materials with a high porosity. 
Among various hydrophobic polymers as polypropylene (PP), polyethylene(PE), 
polytetrafluoroethylene (PTFE) and Polyvinylidene fluoride (PVDF), which are the most 
popular membrane materials (Mansourizadeh and Ismael, 2009). PVDF membranes have 
!"#$%$&$'()*+(,-.&/0()*()$1*02$'(3"3*-4%$3(,*-("$2-.1*"(35."$3&3+( ?</
!



















=*! 3,*+06',L+7)*! &'! (*00*! *! 3,*2/0! &'! #*! ('(.,*+*! '0! 7*,*73',)3f*! *(.! '#! 7-'6)7)'+3! &'!
3,*+06',L+7)*!&'!(*3L,)*!&:*(-+;*7!*!3,*2/0!&'#0!$-,10!&'!#*!('(.,*+*<!"#!$,-7/0!'0!&'07,)1!
&'!6-,(*!0)($#)6)7*&*!&:*7-,&!*(.!#:'51*7)8!!W#&%!-+!g9!/0!#*!&)6',L+7)*!&'!(*00*!&:*(-+;*7!
9*0! NR9P>! KP! /0! #:_,'*! &'! #*! ('(.,*+*! N(FP>! ]! /0! '#! 7-'6)7)'+3! &'! 3,*+06',L+7)*! &'! (*3L,)*!
N(@KP>! 6! /0!'#! 3'($0! NKP>!IE! )!I&! 08+! #'0! 7-+7'+3,*7)-+0!&:*(-+;*7! ##)1,'! NR9W]%e@=P!*#! ,'*73-,!
CEK'##I!)!*!#*!&)00-#17)8!&:_7)&!01#6p,)7!C=1('+I>!C=*13',.-7R!m<!'3!*#<>!FGHFI<!





























A. Hasanog˘lu et al. / Chemical Engineering Journal 160 (2010) 530–537 531
Nomenclature
cA ammonia concentration (molm−3)
cbA ammonia concentration of the bulk solution
(molm−3)
ciA ammonia concentration on the interface of the
membrane (molm−3)
ciA, g ammonia concentration in gas phase in equilibrium
with that in solution (molm−3)
DA,g molecular self-diffusion coefficient of the ammonia
in air (m2 s−1)
DA,W diffusion coefficient of ammonia in water (m2 s−1)
de external diameter of the fiber (m)
Dh dynamic diameter (m)
di internal diameter of the fiber (m)
Di,j diffusion coefficient of component i in component j
(m2 s−1)
Din,s internal diameter of the shell (m)
Dkn Knudsen diffusion coefficient of ammonia (m2 s−1)
dp pore diameter of the membrane (cm)
H Henry’s constant (atm m3mol−1)
J flux (molm−2 s−1)
JA,memb flux of ammonia through the membrane
(molm−2 s−1)
JA,shell flux of ammonia through the boundary layer in the
shell side (molm−2 s−1)
Ks mass transfer coefficient in the shell side (ms−1)
Kl mass transfer coefficient in the lumenside (ms−1)
Km mass transfer coefficient in the membrane pores
(ms−1)
Kov overall mass transfer coefficient (ms−1)
L length of the fiber (m)
M molecular weight of the compound (gmol−1)
MA,Mg molecular weight of ammonia and gas (air)
(gmol−1)
NF number of fibers
P pressure (Pa)
pA partial pressure of ammonia (Pa)
R universal gas constant (Jmol−1 K−1)
Q flow rate of the solution (mLmin−1)
u velocity of the solution (ms−1)
T temperature in Kelvin (K)
VA, Vg molecular volumes of ammonia and gas (air),
respectively (g cm−3)
Greek symbols




$ molecular mean free path length (m)
%cA,m concentration gradient of ammonia through the
membrane in the gas phase
& viscosity (kgm−1 s−1)
' density (kgm−3)
on the interface to form nonvolatile compound, ammonium sulfate
((NH4)2SO4). Thus, the concentration of ammonia in the receiv-
ing solution is essentially zero. Total ammonia removal could be
theoretically possible under this configuration, since the driving
force for this liquid–gas–liquid membrane contactor operation is
the difference in ammonia partial pressure between the feed and
the receiving solution.
Fig. 1. Principle of the extraction process.
There are few studies in the literature on this principle for
ammonia removal from wastewaters, where membrane separates
an aqueous feed and the acidic receiving solution while a reaction
was carried out on the interface of the membrane [1–3]. Zhu et
al. reported a study in order to investigate the effect of the pH
and the viscosity of the wastewater containing ammonia on the
mass transfer in hydrophobic hollow fiber membrane contactors
[1]. They carried out the experiments at 20 ◦C at different feed pH
values ranged between 9 and 13with the ammonia concentrations
varying from50 to 10,000mgL−1 interval. It has been reported that
higher efficiencies of ammonia removal could be reached only at
relatively higher pH values of feed for a given time. In the reported
work, the removal efficiency of ammonia was over 98% in 40min
when the initial pH values of the feed solution were over 11, while
it only reached about 60 and 26% in the same period of time when
the initial pH values of the feed solution were 10 and 9, respec-
tively. Tan et al. reported a work for ammonia removal from water
through polyvinylidene fluoride hollow fibermembranes [2]. It has
been indicated that increased pH values allowed higher efficien-
cies of ammonia removal, and remarkable efficiencies have been
reached when the pH value was higher than 11 after a time period
of 120min. Another study about effect of the pH value and the
temperature on the efficiency of ammonia removal was reported
by Norddahl et al. [3]. It has been found that the relative effect
of temperature on ammonia mass transfer rates was noticeably
higher at pH values exceeding 10, while the noticeable efficiencies
were performed about 100min. In our work, over 98% of effi-
ciencies were reached in 30min at a feed pH around 7.0 without
using a buffer solution. Unbuffered feed solutions were used to
estimate the behavior of the untreated wastewater streams con-
tainingammonia. Furthermore, theeffect of theprocessparameters
such as temperature, circulation rate, concentration of receiving
solution, and circulation configuration of the solutions on the effi-
ciency of ammonia removal have been investigated in order to
estimate optimal conditions. It has been noted that all the previ-
ous reported works were performed circulating the ammonia feed
in the lumenside of the hollow fiber membrane. In this work, it
was experimentally shown that the flow of the ammonia feed in
the shellside of the membrane allows higher yields of ammonia
removal.
Submerged modules are made of membrane fibers that are
directly exposed to the media without any outer shell. Such
modules are directly immersed in a tank and are now
widely used in MBR applications for solid-liquid separ-
ation. Their application in membrane contactors has not
been studied yet.
For this application, the membrane fibers were simply
submerged in the anaerobic digestate and the absorbent
solution was pumped through the inside of the fibers. This
operation method highly simplifies the whole process as the
residues can be treated directly without any costly solid
removal procedure. Using real samples from a local anaer-
obic digestion plant, the performance of this approach was
investigated under the most influential operation con-
ditions, that is the temperature and the pH. Finally, the
new approach was compared to the standard set up where
the liquid was pumped through the inside of the lumen.
MATERIAL UND METHOD
Anaerobic Digester Effluent
The material used for all experiments was collected at an
anaerobic digestion plant in Austria. The biogas plant uses
organic waste, i.e., kitchen garbage, spoilt food, lop, and
material from grease separators. The anaerobic digester
effluent was taken after the screw press and stored at 4!C
prior to usage for experiments.
Table 1 gives an overview of the composition of the
anaerobic digestate.
For the final experiments with a changed set up, a
particle free substrate was required. For this purpose,
ultrafiltration of the anaerobic digestate was performed
using a ceramic membrane with a pore size of 50 nm. The
permeate was collected and stored at 4!C prior to use.
Experimental Set Up
The membrane module used for all experiments con-
sisted of 8 hollow fibers provided by the company Mem-
brana. The membrane fibers were made of polypropylene
and had a length of 8.5 cm and an outer diameter of
1.5mm resulting in a total area of 32 cm2. The principle
set up is shown in Fig. 1.
All experiments were conducted in a vessel with a double
jacket and a cap in order to guarantee stable temperature
conditions and to avoid loss of ammonia through gaseous
emission. During the experiment the material was stirred
at 120 rpm and the pH in the anaerobic digestate was
measured at regular time intervals. Furthermore, samples
from the circulating absorbance solution were drawn for
the determination of the recovered ammonium. The absor-
bance solution contained 500mL of sulphuric acid with a
concentration of 25mmol=L. A peristaltic pump delivered
the absorbance from the storage vessel through the
membrane back to the storage vessel at a flow velocity of
500mL=min.
Analytical Methods
In order to characterize the anaerobic digester effluent,
the most common parameters in waste water treatment
were measured. COD and total nitrogen were determined
with test kits and by means of the digital photometer DR
2800 by Dr. Lange. The concentration of total solids was
determined with an electronic moisture analyzer, Sartorius
MA35.
The determination of NH4-N was conducted according
to the DIN standard 38 406. The analysis was accomplished
in a 24 well microtiter plate and the volume of the sample
was reduced to 1mL whereas the reagents were added as
TABLE 1
Mean values and ranges of the material used for the
filtration experiments
Parameter Unit Mean Range
pH – 8.6 8.5–8.7
TS g=L 19.7 17.0–21.2
COD mg=L 11,985 10,478–14,988
NH4-N mg=L 3,435 3,240–3,690
TN mg=L 3,745 3,610–4,120
FIG. 1. Experimental set up for ammonia removal in hollow fiber
membrane contactor.
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detected during this accumulation phase. In the reference
reactor the acetic acid dropped from 85 to 50%while propionic
acid raised from 15 to 45% the remaining acid was isovaleric
instead of butryric. This ratio remained until day 251 then
acetic acid started to increase again.
Unfortunately, at day 231 sulfuric acid was leaking into the
digester through a faulty connection. The resulting drop in pH
value was lethal to the microorganisms. Subsequently, the
membrane reactor had to be restarted using stored samples as
an inoculum while the reference reactor was kept at
a constant HRT of 26.7 days. This happened without any
remarkable increase in VFA concentration in the membrane
reactor. In the reference reactor on the contrary a decrease of
VFA was observed which is related to an adaptation of the
microorganisms to the high free ammonia concentration.
Thus a true comparison of both reactors after the membrane
reactor was reseeded is not possible. However it was observed
that although the reactor experienced a process upset by a fast
decrease in HRT and the reference reactor was at the same
time adapting to its conditions, the performance of the
membrane reactor was still better. Moreover it has to be
considered that due to possible sulfate migration due to
sulfuric acid leakage the propionate degraders were favored.
This could lead to an additional decrease in propionic acid in
the membrane reactor. However as the transfer of ions from
the reactor to the sulfuric acid, as will be discussed further
down, was only marginal (also before the module failure)
compared to the transfer of free ammonia an influence of
sulfate migration can be neglected.
At day 322 the HRT was decreased to 21.1 days. Similar to
the previous observations, this caused an accumulation of
VFA in the reference reactor again whereas no effect was
observed in the membrane reactor.
The observed accumulation of VFA, especially of propionic
acid, as well as the decline of biogas production in the refer-









































membrane reactor gas yield reference reactor gas yield
membrane reactor NH4-N reference reactor NH4-N
Substrate 3Substrate 2Substrate 1 Substrate 4
Fig. 1 e Total gas yield and NH4eN concentration of the membrane and reference reactor.
Table 3eAccumulated nitrogen balance for the duration of the experiment supplemented by daily effluent data. Data of the
effluent represent mean values, maximum and minimum values in brackets. The HRT 65.9 and 44.8 of the membrane
reactor after his second start up are not considered in the first part of the table but in the second.
Effluent NH4eN [g]
HRT [d] 65.9 44.8 32.9 26.7 21.1
Membrane Reactor 0.039 (0.023/0.063) 0.032 (0.027/0.040) 0.101 (0.050/0.156) 0.132 (0.110/0.154) 0.164 (0.143/0.196)










[g] [g] [g] [g] [g]
Membrane
Reactor
47.5 22.3 26.0 !0.8 3.2
Reference
Reactor
53 53.3 2.2 7
Difference 5.5 3.8
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 4 8 6 1e4 8 6 9 4865
elevated free ammonia concentration on methanogenic
bacteria.
For three periods in which stable conditions were applied
to the reactors, detailed mass balances were conducted. The
COD concentration of the substrates was 50e60 g/L and the
loading rates were 1.4, 1.7 and 2.2 kg COD/m3 per day in
the first, second and third period, respectively. Table 4 shows
that throughout all periods the measured COD concentration
in the membrane reactor was significantly lower than in the
reference reactor.
The difference between reactors in COD removal efficiency
was on average 9% in period 1. More significant difference in
removal efficiency was observed in period 2. The degradation
of themembrane reactor resulted in 26% greater COD removal
than the reference reactor. At this time substrate 3 having
a very high N-content was fed and the VFAs were 10 times
higher in the reference reactor. In the final period the differ-
ence in COD degradation was about 16%.
Table 5 lists a two week average, as well as the minimum
and maximum value measured, of the gas composition for
both reactors. The reference reactor has a higher percentage
of CH4 however the difference is not significant. On the other
hand, the membrane reactor has a slightly higher H2S value
which is probably related to a transfer of sulfuric acid through
the pores of the membranes into the reactor as discussed
further down. As H2S is a problem for plant operators addi-
tional amounts should be avoided. Possible solutions that are
interesting for future experiments can be regular cleaning or
using other acids as stripping solutions (hydrochloric acid or
carbonic acid producing ammonium chloride or ammonium
bicarbonate). These measures can decrease or prevent the
transfer of sulfur into the digestate thus the formation of H2S.
However when sulfuric acid is used, N is recovered in the form
of an ammonium sulfate solution which can be used for
fertilizer production. This can lead to economic benefits when
using sulfuric acid.
These results can be compared to results from Resch et al.
(2011) or Zhang and Jahng (2010). Resch et al. (2011) investi-
gated the enhancement of animal by-products degradation in










































membrane reactor reference reactor pH membrane reactor
OLR membrane reactor OLR reference reactor pH reference reactor
Substr te 2 Substrate 3 Substr te 4
Fig. 2 e VFA conc ntration of the m mbrane and referenc reactor at different HRT and with di fer substrates.
Table 4 e Performance results of three periods. Data represent mean values, and maximum and minimum values in
brackets.
Influent COD Effluent COD COD removed COD concentration Biogas yield Methane yield





Membrane reactor 1.2 0.6 50.8 (53.4/49.3) 23.4 (24.1/22.1) 0.25 (0.29/0.22) 0.18 (0.20/0.16)
Reference reactor 1.2 0.7 42.0 (44.1/39.8) 27.6 (28.6/26.6) 0.18 (0.22/0.15) 0.13 (0.16/0.11)
Period 2
Membrane reactor 1.4 0.8 44.0 (51.5/38.5) 31.3 (34.4/27.2) 0.22 (0.26/0.19) 0.16 (0.19/0.14)
Reference reactor 1.4 1.1 18.8 (21.6/15.8) 45.7 (47.2/43.9) 0.10 (0.12/0.8) 0.07 (0.08/0.06)
Period 3
Membrane reactor 1.8 0.9 48.6 (51.7/41.9) 31.1 (34.4/28.6) 0.24 (0.27/0.20) 0.17 (0.19/0.14)
Reference reactor 1.8 1.2 31.5 (36.2/23.3) 40.6 (45.4/37.8) 0.21 (0.22/0.19) 0.15 (0.16/0.13)
wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 4 8 6 1e4 8 6 94866
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and the clear supernatant was used for measurement of pH,
ammonia, and volatile fatty acids (VFAs). VFAs were measured
using a High Performance Liquid Chromatograph (Shimadzu, Kyo-
to, Japan) equipped with Aminex HPX-87H Column, 300 mm !
7.8 mm (Bio-Rad, Tokyo, Japan). The column temperature was
maintained at 65 !C. The flow rate was maintained at 0.8 ml min"1
for 0.005 M H2SO4 solution. Ammonia was measured by using a
commercially available ammonia testing kit (Wako Ltd., Osaka, Ja-
pan). TOC was determined by a TOC analyzer (TOC-5000, Shima-
dzu). TS, VS, TKN, and pH were measured in accordance with the
standard methods (APHA, 1998). Gas production was measured
periodically by displacement of saturated aqueous NaCl in a grad-
uated cylinder. The compositions of CH4, H2, and CO2 were deter-
mined by a gas chromatograph (GC-8A, Shimadzu) with a
thermal conductivity detector equipped with a glass column
(2 m ! 3 mm) packed with unibeads C 60/80 (Shimadzu) at
140 !C. Argon was used as the carrier gas at a pressure of 100 kPa.
3. Results and discussion
3.1. Evaluation of ammonia stripping coupled to ammonia
fermentation by rotary evaporator
Initially we investigated the performance of ammonia stripping
from CM during ammonia fermentation by means of ammonia
evaporation and biogas recycling as a stripper gas.
Fig. 2a shows the result of ammonia stripping from CM by
means of ammonia evaporation under negative pressure (65 kPa
below an atmospheric pressure of 100 kPa) at 55 !C and at pH 9.
During the course of the experiment, pH decreased from 9 to 6.7
and the total production of ammonia in CM reached 20 g-N kg-
CM"1, with an yield of 0.8 g-N g-TKN"1. By the end of the experi-
ment the percentage of ammonia removal reached as high as 80.
This striping method therefore, is considered highly effective for
ammonia fermentation and ammonia removal with a high degree
of efficiency. However, a significant loss of water from the culture
occurred during the experiment. This loss may have happened due
to the vaporization of water concomitantly with ammonia
removal.
Since the loss of water from CM by evaporation was unavoid-
able, another method, the recycle of biogas coupled to washing
with an ammonia absorber, was carried out in the present study.
The results are shown in Fig. 2b. By means of this method, ammo-
nia was stripped successfully without water loss, and the percent-
age of ammonia removal reached as high as 82 at the final pH of
8.5. Conversion to ammonia from total Kjeldahl nitrogen was
80%. However, acetate concentration dramatically dropped from
183 to 5 mmol kg-CM"1, suggesting the possibility of oxidation of
acetate to carbon dioxide by oxygen contamination during fermen-
tation. Addition of the safety bottle containing ferrite powder for
the removal of oxygen to the rear of the ammonia absorber cured
this problem. This action arrested the decrease of acetate concen-
tration, but ammonia removal was decreased to 61.2% compared
with the method without the oxygen absorber (Fig. 2c). This lower
ammonia removal could be attributed to the lower pH of 7.4,
caused by the accumulation of acetate, compared with the method
without the oxygen absorber (82% at pH 8.9), since lower pH de-
creases the portion of free ammonia and inhibits its release.
In our previous studies for ammonia stripping, temperature and
pHwere adjusted to 85 !C and 10, respectively (Nakashimada et al.,
2008; Abouelenien et al., 2009a). These parameters are costly from
an energy supply point of view, and not suitable for methanogenic
consortia. In the present study, we obtained the same level of effi-
ciency for the removal of ammonia (82%) at fermentation condi-
tions of pH 9–6.7 at 55 !C. The same level of ammonia removal
(75–95%) was also achieved by Gangagni Rao et al. (2008), who ap-
plied ammonia stripping to poultry leachate containing 1–2% TS
Fig. 1. Bench scale reactor employed for ammonia fermentation–ammonia stripping–methane production from dry fermentation of CM. (1) Heater, (2) outer vessel, (3) inner
rotating vessel, (4) sludge (CM, or TCM, inoculated with sludge), (5) stirring device, (6) stirring motor, (7) thermocouple, (8) condenser, (9) gas circulating pump, (10) gas
washer by 2 N sulfuric acid, (11) oxygen absorber by ferrite powder, (12) gas bubbling pump, (13) gas bubbling pipe, and (14) gas bag.
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4. Discussion
The present studies on anaerobic sludge digestion
with different kinds of inorganic additives showed that
methane production was not affected only by the NHþ4
concentration of the sludge, but by other additional
factors. Only natural mordenite enhanced methane gas
production during the anaerobic digestion of the NHþ4 -
rich organic sludge. The addition of 5% or 10% mord-
enite resulted in an increase in methane production of
approximately three times higher than that of the con-
trol.
Although zeolite 3A has the ability of removal of
NHþ4 similar to mordenite, it did not enhance methane
production. Angelidaki and Ahring (1993) showed that
the addition of bentonite to cattle manure enhanced the
methane production, while the ammonia concentration
did not decrease. They considered that bentonite pro-
vided some resistance to toxic compounds. Our results
suggest that natural mordenite provided an additional
effect which enhanced methane production. The chemi-
cal analysis of the sludge after the digestion and with
Ca-rich sludge indicates that Ca2þ ions released from
natural mordenite enhanced methane production during
anaerobic digestion of the NHþ4 -rich organic sludge. It
was reported that calcium mitigated the ammonium ion
toxicity as an antagonistic ion (McCarty and McKin-
ney, 1961). The released Ca2þ ions in the present study
could have a similar effect. On the other hand, it was
reported that a high calcium concentration causes a
scaling problem of reactor walls and the eﬄuent or re-
circulation pipes during anaerobic digestion (Langerak
et al., 1997). In this study, calcium scaling was not ob-
served. The reason was considered that the concentra-
tion of calcium ions released from natural mordenite
(500 mg/l) was not as high as that reported by Langerak
(1800 mg/l).
How calcium enhances methane production is not
obvious. It is known that the inhibition of NHþ4 depends
on the pH and the methanogenic activity in the pH
range of 6.5–8.5 decreased 50% at the NHþ4 -nitrogen
concentration of 4086–5550 mg/l (Lay et al., 1998).
However, there was no significant difference with the pH
in the reactor with or without natural mordenite in our
study. Calcium is known as a regulator of cell mem-
brane transfer, and decreases the other metal ion
transport to cells. In this case, it is possible that calcium
plays the role of an antidote for the toxic NHþ4 of the
anaerobes.
It is also possible that the addition of calcium affects
not only microorganisms but also the chemical reaction
in the reactors. Carliell-Marquet and Wheatley (2002)
reported that a high phosphate concentration inhibited
methane production because the phosphate precipita-
tion such as CaHPO4 or Ca3(PO4)2 caused a drop in the
bioavailability of calcium. Calcium and other metals are
important for the activity of the anaerobes. For exam-
ple, calcium has a role of stabilization for enzyme
activity of anaerobes, while nickel is required for F430
which is part of the methyl-coenzymeM reductase in
methanogens (Chen et al., 1992; Friedmann et al., 1990).
Fig. 5. Methane production from ammonium rich sludge (4500 mg
N/l) with natural mordenite or Ca2þ ions. The bars designate standard
deviations. Symbol ‘‘a’’ shows that the value was statistically different
value that of control (p < 0:01; Student’s t-test). Symbol ‘‘b’’ shows
that the value was statistically different from that of natural mordenite
(p < 0:01; Student’s t-test). Symbol ‘‘c’’ shows that the value was sta-
tistically different from that of calcium (p < 0:01; Student’s t-test).
Fig. 6. Methane production from ammonium rich sludge (4500 mg
N/l) with various amounts of natural mordenite. The bars designate
standard deviations. Symbol ‘‘a’’ shows that the value was statistically
different from that of the control (p < 0:01; Student’s t-test).
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can be combined with the anammox process (see below),
but even if it is combined with conventional denitri¢cation
(the so called ‘nitrite route’), already a signi¢cant bene¢t is
achieved in terms of use of resources [48]. The process
needs less aeration, the subsequent denitri¢cation con-
sumes less COD (chemical oxygen demand), since only
nitrite and not nitrate has to be reduced to molecular
nitrogen (N2). This is cost-e¡ective if the low C/N ratio
of the wastewater necessitates the addition of a synthetic
electron donor, such as methanol. In that case the process
also emits less CO2 to the atmosphere.
The oxidation of nitrite to nitrate can be prevented in at
least two ways. First, by making use of the di¡erence in
activation energy between ammonia and nitrite oxidation
(68 kJ mol31 and 44 kJ mol31, respectively). The high
activation energy of ammonia oxidation makes the rate
of this process more dependent on temperature. The
SHARON process (Fig. 2) makes use of the di¡erent
growth rates of ammonia and nitrite oxidizers at su⁄-
ciently high temperatures (more than 26‡C) [48,87]. It
works at a hydraulic retention time higher than the growth
rate of nitrite oxidizers but lower than ammonia oxidizers
(about 1 day). Because this process has no sludge retention
nitrite oxidizers are not able to remain in the SHARON
reactor and they are washed out. Because SHARON de-
pends on high temperature, it is not suitable for all waste-
waters (but many wastewaters high in ammonium also have
a high temperature, such as sludge liquor). Furthermore,
because there is no sludge retention and the hydraulic re-
tention time is ¢xed, the volumetric ammonium reactor
loading depends on the ammonium concentration. Thus,
the process costs also depend on the ammonium concentra-
tion (rising costs with decreasing ammonium concentra-
tion). Aeration is not only necessary for oxygen supply,
but also to strip CO2 from the reactor to control the pH.
SHARON still makes use of denitri¢cation (with added
methanol) to reduce the nitrite to dinitrogen gas. Methanol
is supplied periodically while the aeration is switched o¡.
The stripping of CO2 combined with the addition of meth-
anol neutralizes all the protons formed in Eq. 1 ^ if bicar-
bonate is the counter-ion for the wastewater ammonium.
SHARON has been scaled-up and applied successfully at
the Rotterdam wastewater treatment plant, for the treat-
ment of sludge liquor. The 1500-m3 reactor is in operation
for 2 years and treats 1000 kg N day31 [88].
A variation on the SHARON process does make use of
sludge retention. Instead of the hydraulic retention time,
here the sludge age is controlled (in SHARON, the hy-
draulic retention time equals the sludge age) [89]. This
allows higher ammonium loading rates and more e⁄cient
aeration. The process also makes use of a second principle
to prevent nitrite oxidation; at low oxygen concentrations
(less than 0.4 mg l31 or 5% air saturation) and with sur-
plus ammonium, nitrite oxidizers are unable to grow, and
nitrite becomes the stable end product of nitri¢cation. It is
unclear why nitrite oxidizers are inhibited; inhibition of
nitrite oxidizers by ammonia and a lower a⁄nity for oxy-
gen and/or nitrite have been suggested as possible explan-
ations, but we still lack mechanistic evidence. This process
has not yet been applied at full scale.
4.2. Anammox
The anammox process (Fig. 2) is the denitri¢cation of
nitrite with ammonia as the electron donor [90,91]. Anam-
mox needs a preceding partial nitri¢cation step, that con-
verts half of the wastewater ammonium to nitrite. A modi-
¢ed SHARON process has been applied successfully in the
laboratory to generate such ammonium/nitrite mixtures
[91,92]. By simply not supplying any methanol and remov-
ing the anoxic periods, a SHARON reactor yields the
desired ammonium/nitrite mixture, without the need for
feedback control. This is possible because after 50% of
the ammonium is oxidized, the decrease in pH (to 6.7)
prevents the oxidation of the remaining ammonium. By






Fig. 2. Flux diagrams of the partial nitri¢cation (1a.), SHARON (1b.),
anammox (2.), Canon (3.), and NOx process (4.). (6 numbers ) N-com-
pound in % (values idealized; they may vary depending on process pa-
rameter), (g) gaseous NO2 (nitrogen dioxide). *In the presence of oxy-
gen the supplemented NO2 acts as regulatory signal (not as a substrate),
inducing the denitri¢cation activity of the aerobic ammonia oxidizers.
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2HPQ%#'N-%#'MKHA@=# RoK@R9WEl! e>X[! [>e[! He>Gh!
2PQKH#O=ZPH]R@O#DC# R7*#@(e! [UHO! [TUF! O>Oh!
!
m*+R0! B<S<! '3! *#<! CFGHFI! '031&)*! #:*&&)7)8! &'!('3*##0! 3,*r*! *! #*! &)9'03)8! *+*',M.)*! &'! ,'0)&10!
&:*#)('+30!*(.!*#3'0!7-+7'+3,*7)-+0!&'!+)3,-9'+!*(-+)*7*#!-+!K)!$-3!K*2',!*71(1#*7)8!&:_7)&!
$,-$)M+)7<! "#0! ,'01#3*30! (-03,'+! &'6)7)L+7)*! &'! E'>! '00'+7)*#! 3*+3! $',! #:-?)&*7)8! &'! #:_7)&!












































• "#0!&)6','+30!$*,_('3,'0!*(.)'+3*#0! C$%! )!*#7*#)+)3*3!&'#!('&)>!&)0$-+).)#)3*3!&'!+13,)'+30! )!
$,'0L+7)*!&'!3M?)70!)!)+K).)&-,0I!)!'#0!-$',*7)-+*#0!C3'($',*31,*>!*9)3*7)8>!3'($0!&'!,'3'+7)8!
)! 2'#-7)3*3! &'! 7_,,'9*! -,9_+)7*I! *6'73'+! *#! &'0'+2-#1$*('+3>! '03*.)#)3*3! )! ,'+&)('+3! &'#!
$,-7/0!)!7*#!-$3)()3f*,W#-0<!!
!
• %)! K*! (-#3'0! 01.03_+7)'0! 51'! $-&'+! )+K).),! '#! $,-7/0! &'! .)-('3*+)3f*7)8k! '#! +)3,-9'+!
*(-+)*7*#>!'#0!01#6*30>!'#0!)-+0!('3_#g#)70!##'19',0!C0-&)>!$-3*00)>!(*9+'0)>!7*#7)!)!*#1()+)I>!'#0!
('3*##0! $'0*+30! C7,-(>! 6',,->! 7-.*#3>! 7-1,'>! f)+7>! 7*&()! )! +;51'#I! )! *#91+'0! 01.03_+7)'0!
-,9_+)51'0! C.'+f'+0! K*#-9'+*30>! +)3,-6'+-#0>! *#7*+0>! *#7-K-#0>! 7'3-+'0>! _7)&0! 7*,.-?;#)70! )!
*()+'0I<!J51'03'0!01.03_+7)'0!*6'73'+!&),'73*('+3!0-.,'!'#!('3*.-#)0('!&'#0!.*73',)0<!!
!
• "#!+)3,-9'+!*(-+)*7*#! /0! '#! 7-($-+'+3! 3M?)7!(/0!$,'0'+3! *#0! 01.03,*30! *+*',-.)0>! -+! 0:K)!
3,-.*! '+! 6-,(*! &'! +)3,-9'+! -,9_+)7! *#0! 7-($-03-0! $,-3')70<! "#0!('3*+M9'+0! 08+! '#0!(/0!
0'+0).#'0! 2',0! *51'03! 7-($-+'+3<! =:*(-+;*7! ##)1,'! /0! 7-+0)&',*! #*! $,)+7)$*#! 7*10*! &'! #*!
)+K).)7)8! &'! #*!()7,-6#-,*!('3*+-9L+)7*! &'913! *! #*! *#3*! $',('*.)#)3*3! *! 3,*2/0! &'! #*! 0'2*!
('(.,*+*!7'#g#1#*,>!*#3',*+3!'#!0'1!('3*.-#)0('!)!7,')?'('+3<!
!
• =*! (*9+)31&! &'! #*! )+K).)7)8! $',! +)3,-9'+! *(-+)*7*#! &'$L+! &'! &)2',0-0! 6*73-,0k! #*!
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08+! 3,'0! 2*,)*.#'0! '03,'3*('+3! ##)9*&'0! 4*! 51'! *6'73'+! &),'73*('+3! 0-.,'! #*! 7-+7'+3,*7)8!
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-! &'#! $%! *19('+3'+! #*! 7-+7'+3,*7)8! &:*(-+;*7! ##)1,'! )! $',! 3*+3! '#! +)2'##! &'! 3-?)7)3*3<! Ö0!




'0! $-&'+! *$#)7*,! *5c=*6,/ C&)+0! &'#! (*3')?! ,'*73-,I>! 7-(! *! 1+! 3,*73*('+3! '+! $*,*#g#'#! *#!
&)9'03-,!()34*+r*+3!#*!,'7),71#*7)8!&'#!&)9',)3!-!7-(!*!$,'3,*73*('+3!&'#!01.03,*3!*.*+0!&'!
)+3,-&1),W#-! *#! ,'*73-,<! =*! p#3)(*! -$7)8>! '+! 9'+',*#>!(-03,*!(/0! 6#'?).)#)3*3! -$',*7)-+*#! 4*!







• =*! )+K).)7)8! $',! +)3,-9'+! *(-+)*7*#! '0! $-,! ,'&1),! ()34*+r*+3! $,-7'00-0! 6)0)7-51;()70!
C6)#3,*7)8! *(.! ('(.,*+'0! &'! 6).,*! .1)&*>! =6-*@@*5+! *(.! *),'>! 2*$-,! &:*)91*! -! .)-9_0>!
)+3',7*+2)! )M+)7! )! *&0-,7)8! *(.! *#1()+-0)#)7*30! )! $,'7)$)3*7)8! '+! 6-,(*! &:'03,12)3*I>!





• "#0! (L3-&'0! 6)0)7-51;()70! (/0! 13)#)3f*30! 08+! #:*,,-00'9*('+3! *(.! *),'! C$,'3,*73*('+3!
&'0$,/0! &:1+*! K)&,M#)0)! $,L2)*! *! #*! &)9'03)8! *+*',M.)*I! )! #:p0! &'! .'07*+2)*&-,0! )M+)70! )!
*&0-,.'+30!C3,*73*('+3!*5c=*6,I>!4*!51'!3-30!&-0!08+!3L7+)7*('+3!$-00).#'0!)!'6)7)'+30!*!*#3'0!
7-+7'+3,*7)-+0!&:*(-+;*7<! "#0!(L3-&'0!&),'73'0!+'7'00)3'+!(-#3! 3'($0!$',! 0',!'6)7)'+30! )!
*19('+3'+! (*00*! '#! 7-03! &'! $,-&177)8! &'#! .)-9_0<! "#0! (L3-&'0! .)-#M9)70! 08+! '#0! (/0!
)++-2*&-,0! )! &:'+3,*&*! 0'(.#'+!(/0! $,-('3'&-,0! $',M! 7*#! '+7*,*!(-#3*! )+2'03)9*7)8! $',!
6',W#-0!7-($*3).#'0!*(.!'#!$,-7/0!&'!&)9'03)8!*+*',-.)<!
!
• J! #*! J.,<./ m#&! '0! 7-($*,'+! *#91+0! (L3-&'0! 51'! 0:K*+! '031&)*3<! "0! 7-($*,*! #:p0! &'!





-.3)+913>! '#! =6-*@@*5+! *(.! *),'! *! $%! T>O! /0! '#! ()##-,! (L3-&'! $',! ,'&1),! #*! )+K).)7)8! $',!
+)3,-9'+! *(-+)*7*#<! J(.! *51'03>! 0:*7-+0'91')?! ,'&1),! #*! 7-+7'+3,*7)8! &'! dJ]!1+! O[h! *#!
01.03,*3! *+*',-.)>! #*! $,-&177)8! '0$'7)6)7*! &'!('3_! )! &:'+',9)*! *19('+3'+! 1+! F[Vh! )! 08+!
HUG>e!=WB%[@R9WbZx!)!H>UG!RoK@R9WbZx!,'0$'73)2*('+3>!#*!7-+7'+3,*7)8!&'!('3_!*#!.)-9_0!





$-&',! 7*#-,;6)7! &'#! .)-9_0! -.3)+913>! #*! 7-(.)+*7)8! &'! 7*,.8! *73)1! )! 9#*17-+)3*! /0! '#!()##-,!
(L3-&'!$',! ,'&1),! #*! )+K).)7)8! $',! +)3,-9'+! *(-+)*7*#! *5c=*6,<! J(.! *51'03>! 0:*7-+0'91')?!
,'&1),! #*! 7-+7'+3,*7)8! &'! dJ]! *#! 01.03,*3! *+*',-.)! 3*+3! 0-#0! 1+! e>eh>! $',M! #*! $,-&177)8!
'0$'7;6)7*!&'!('3_!)!&:'+',9)*!*19('+3'+!1+!HTHh!)!08+!HTO>V!=WB%[@R9WEl!)!H>T[!RoK@R9W




*(.! *),'! *! $%! HG! 7-(! *! $,'3,*73*('+3! CUG>Uh! &'! ,'&177)8! ,'0$'73'! '#! $,-7/0! 0'+0'!
$,'3,*73*('+3I! )! #:p0!&'!('(.,*+'0!&'! 6).,*!.1)&*! CO[>eh!&'!,'&177)8!,'0$'73'!'#!$,-7/0!
0'+0'!$,'3,*73*('+3I<!
!




+)3,-9'+! *(-+)*7*#! 4*! 51'! )+7#-1! &:*#3,'0! 6*73-,0>! 7-(! #:'#)()+*7)8! &'! 01#6)30! )! #*!
)((-.)#)3f*7)8!&'#0!()7,--,9*+)0('0<!
!
• B*#! 3,-.*,! +-10! '+6-7*('+30! $',! 6',! 6,-+3! *! #*! )+K).)7)8! *(-+)*7*#! )! *19('+3*,! *5c=*6,! '#!


























C3?3-S54*./ U>G!CH>GeI!9@=! HOG!=@R9WbZx! H>[T!RoK@R9WbZx! UFh!! VHUF!R7*#@(e!
K9H/6-.46.9356/ e>G!CG>eHI!9@=! HUG!=@R9WbZx! H>VT!RoK@R9WbZx! UHh! VGXU!R7*#@(e!




C3?3-S54*./ V>e!CG>UFI!9@=! [T>F!=@R9WbZx! G>[T!RoK@R9WbZx! VU>Th! OXFH!R7*#@(e!
K9H/6-.46.9356/0&1/ F>T!CG>eeI!9@=! HUG>e!=@R9WbZx! H>UG!RoK@R9WbZx! UV>Xh! VOX[!R7*#@(e!
s.-*.4*>/-3=@3463/-3?#/ c$F($w/ v'"W(&w/ v'"W(&w/ v&F(&w/ v&F(&w/
K9H/6-.46.9356/0'1/ H>X!CG>FHI!9@=! HeF>V!=@R9WbZx! H>eF!RoK@R9WbZx! UU>Xh! VVUG!R7*#@(e!




C3?3-S54*./ U>G!CG>[XI!9@=! HXX!=@R9WbZx! [>H[!RoK@R9WbZx! W! W!
K9H/6-.46.9356/ e>[!CG>FeI!9@=! FHe!=@R9WbZx! [>VT!RoK@R9WbZx! W! W!




C3?3-S54*./ W! W! W! W! W!






C3?3-S54*./ W! G! G! G! G!
K9H/6-.46.9356/0&1/ W! HG[!=@R9WEl! H>G[!RoK@R9WEl! W! W!
K9H/6-.46.9356/0'1/ (_?<!F>G!9@R9WEm! HTO!=@R9WEl! H>T[!RoK@R9WEl! XGh! VXOX!R7*#@(e!




C3?3-S54*./ F>G!CG>XXI!9@=! H[H!=@R9WEl! H>[H!RoK@R9WEl! W! W!
K9H/6-.46.9356/ H>T!CG>X[I!9@=! FF[!=@R9WEl! F>Fe!RoK@R9WEl! W! W!





C3?3-S54*.// V>G!CH>VGI!9@=! VU!=@R9WEl! G>VU!RoK@R9WEl! OHh! [eUF!R7*#@(e!
K9H/6-.46.9356/0&1/ O>X!CH>UHI!9@=! HFV!=@R9WEl! H>FV!RoK@R9WEl! VOh! OOUF!R7*#@(e!
s.-*.4*>/-3=@3463/-3?#/ cF(Fw/ v\\(&w/ v\\(&w/ v'm($w/ v'm($w/
K9H/6-.46.9356/0'1/ O>X!CH>OOI!9@=! TG!=@R9WEl! G>TG!RoK@R9WEl! Veh! O[GH!R7*#@(e!
s.-*.4*>/-3=@3463/-3?#/ cF(Fw/ vF"(&w/ vF"(&w/ v'F($w/ v'F($w/
K9H/6-.46.9356/0F1/ O>X!CH>U[I!9@=! HTO!=@R9WEl! H>T[!RoK@R9WEl! VVh! OVOX!R7*#@(e!



















C3?3-S54*./ V>V!CG>XHI!9@R9! HTe!=@R9WbZx! H>TF!RoK@R9WbZx! W! W!
K9H/6-.46.9356/ O>H!CG>eeI!9@R9! FTT!=@R9WbZx! F>TX!RoK@R9WbZx! W! W!




C3?3-S54*./ H>F!9@=/ XO>GU!=@9WEl/ G>X[X!RoK@9WEl/ FG>Xh! HUXe!R7*#@(e!
K9H/6-.46.9356/ G>X!9@=/ H[H!=@9WEl/ H>[G!RoK@9WEl/ FO>Gh! FH[e!R7*#@(e!




C3?3-S54*./ V>H!CG>VVI!9@R9! eXO!=@D9WEl! e>X[!RoK@9WEl! OOh! [UHO!R7*#@(e!
K9H/6-.46.9356/ O>G!CG>O[I!9@R9! [eO!=@D9WEl! [>e[!RoK@9WEl! OXh! [TUF!R7*#@(e!
























J.-1'#'+)'+! `<>! D)3*(1,*! n<>! ])0K)-! ]<! )! ]*R*0K)(*&*! n<! &66cT<! h-N/ .5.3-:H*4/ .99:5*.y936O.53/
@-:7,46*:5/?-:9/4O*4]35/9.5,-3#/J$$#)'&!\)7,-.)-#-9^!*+&!m)-3'7K+-#-9^>!XF>!UOUWUV[<!
!
J.-1'#'+)'+! `<>! `14)Ç*,*! o<>! ]*(.*! n<>! D-00'2*! \<>! ])0K)-! ]<! )! ]*R*0K)(*&*! n<! &6E6<! ^9@-:R37/
936O.53/ ?3-9356.6*:5/ :?/ 4O*4]35/ 9.5,-3/ R*./ .99:5*./ -39:R.</ HN/ H*:+.=/ -34N4<3<! m)-,'0-1,7'!
d'7K+-#-9^>!HGH>!VeVXWVeUe<!
!
J.-1'#'+)'+! `<>! "#0*)&^! ]<! )! ]*R*0K)(*&*! n<! &6E!<! V*9,<6.53:,=/ .99:5*./ -39:R.</ .57/ 936O.53/















J#(')&*! J<>! ]*6*,,*3'Wu)2',*! "<>! J#2*,*&-! J<>! B',2*+,'0Wx2*##'! J<>! =1'2*+-0! \<c<"<>! x,-$'f*! u<! )!
m*#*91,10*(^! ]<! &6EE<! `Y@-3=*>5/ +35l6*4./ 35/ <./ 7*+3=6*>5/ .5.3-:H*.B/ ,5/ @.=:/ .73<.563/ 35/ <./




















m-,4*! u<>! EÄ+7K'f! "<! )! b1,*+!\<\<!Ecc"=<!`??346/ :?/ 6O3/ 4<.N/9*53-.</ q3:<*63/ :5/ .99:5*./ *5O*H*6*:5/ :?/















B1'3-0!\<S<>!i-('f!s<>!x3',-!\<! )!\-,*+!J<!&66/<!K5.3-:H*4/ 7*+3=6*:5/:?/ =:<*7/ =<.,+O63-O:,=3/e.=63/










































`-3)&)0! a<J<>! D*,*R*0K'2! b<>! D-30-$-1#-0! d<J<! >! \*,3f-$-1#-0! i<i<! )! J+9'#)&*R)! a<! &6E!<! `??346/ :?/






i*##',3!B<>!m*1',! E<! )!o)+3',! S<!Ecc/<!`??346/:?/.99:5*./:5/ 6O3/.5.3-:H*4/73+-.7.6*:5/:?/@-:63*5/HN/./
93=:@O*<*4/.57/6O3-9:@O*<*4/H*:e.=63/@:@,<.6*:5<!J$$#)'&!\)7,-.)-#-9^!*+&!m)-3'7K+-#-9^>!OG>![TOWOGH<!
!



















%*+0'+! D<%<>! J+9'#)&*R)! a<! )! JK,)+9! m<D<! Ecc/<! K5.3-:H*4/ 7*+3=6*:5/ :?/ =e*53/ 9.5,-3B/ *5O*H*6*:5/ HN/
.99:5*.<!o*3',!u'0'*,7K>!eFCHI>!OWHF<!










%'4+6'#3! J<! )! J+9'#)&*R)! a<! &66c<! K5.3-:H*4/ 7*+3=6*:5/ :?/ =<.,+O63-O:,=3/ HNc@-:7,46=#/ _*:9.==/ .57/
_*:353-+N>!ee>!HG[VWHGO[<!
!


















D*^K*+)*+! \<! Eccc%! K99:5*./ ^5O*H*6*:5/ *5/ A*+OcV:<*7=/ _*:+.=*?*4.6*:5B/ K5/ jR3-R*3e/ .57/ 2-.46*4.</
V:<,6*:5=<!"+2),-+('+3*#!d'7K+-#-9^>!FGC[I>!eOOWeVO<!
!




























D1(*,!\<! )! =)+! S<i<!&6E6<!I:3Y*=63543/ :?/ .5.99:Y/ .57/ 735*6-*?*4.6*:5/ ?:-/ =*9,<6.53:,=/ 5*6-:+35/ .57/
4.-H:5/-39:R.</y/V6-.63+*3=/.57/*==,3=<!S-1,+*#!-6!%*f*,&-10!\*3',)*#0>!HUX>!HWT<!
!


































\7B*,3^! c<=<! )! \7D)++'^! u<"<! Ec"E<! V.<6/ J:Y*4*6N/ *5/ K5.3-:H*4/ J-3.69356#/ b:,-5.</ :?/ f.63-/ 2:<<,6*:5/
I:56-:</)373-.6*:+>!ee>!eTTW[HO<!
!





























c-99)! %<\<>! u-&,;91'f! u<>! `',+*+&'f! i<! )! "0$*,f*! `<! Eccm<! ^5O*H*6*:5/ :?/ 93=:@O*<*4/ =:<*7c=,H=6-.63/
.5.3-:H*4/7*+3=6*:5/HN/.99:5*./5*6-:+3+<!J$$#)'&!\)7,-.)-#-9^!*+&!m)-3'7K+-#-9^>![U>!FX[WFTH<!
!
c,-7KÄfR*! S<>! b-#'4t! c<>! \Ä7*! S<! )! b-KÄ+^-0! \<# &6E&<! V6.H*<*6N/ .57/ *5O*H*6*:5/ :?/ .5.3-:H*4/ @-:43==3=/




4-N=6.</ ?3-6*<*q3-/ ?-:9/ e.=63e.63-=/ 6O-:,+O/ =6-,R*63/ 4-N=6.<<*q.6*:5/ y/ K/ -3R*3e<! J,*.)*+! S-1,+*#! -6!
BK'()03,^>!)+!$,'00<!
!





u'07K! B<>! oä,#! J<>! o*#3'+.',9',! u<>! m,*1+! u<! )! D),7K(*^,! u<! &6EE%! `5O.5439356/ :@6*:5=/ ?:-/ 6O3/
,6*<*=.6*:5/ :?/ 5*6-:+35/ -*4O/ .5*9.</ HNc@-:7,46=/ *5/ .5.3-:H*4/ 7*+3=6*:5<! m)-,'0-1,7'! d'7K+-#-9^>! HGF>!
FOGeWFOHG<!
!












E*0*R)! D<>! \-,)3*! \<>! %),*+-! E<a<>! xK(1,*! ]<! )! a9*,*0K)! n<! &6EE<! h34-3.=*5+/ .99:5*./ *5O*H*6*:5/ *5/
6O3-9:@O*<*4/ 936O.5:+35*4/ H*:-3.46:-=/ ,=*5+/ 4.-H:5/ ?*H3-/ 63Y6*<3=<! J$$#)'&! \)7,-.)-#-9^! *+&!
m)-3'7K+-#-9^>!TG>!HOOOWHOVH!
!























































.57/ .46*R*6N/ *5/ =*9,<.637/ PVf/ H*:-3.46:-/ <.57?*<<=<! "#'2'+3K! a+3',+*3)-+*#! o*03'! \*+*9'('+3! *+&!
=*+&6)##!E^($-0)1(>!HWO!x73-.',<!\*,9K',)3*!&)!c1#*!W!B*9#)*,)>!E*,&)+)*>!a3*#^<!
!
o*'9',! `<! )! `17K0!o<!&6E&<!JO3/K@@<*4.6*:5/ :?/P39H-.53/ I:56.46:-=/ ?:-/ 6O3/ C39:R.</ :?/ K99:5*,9/
?-:9/K5.3-:H*4/h*+3=63-/`??<,356#/V3@.-.6*:5/.57/2,-*?*4.6*:5/J34O5:<:+N>![UCHGI>!H[eVWH[[F!
o*#R',!\<>! a^',! D<>! %'*2'+! E<! )! m*+R0! B<S<! &6EE<!K99:5*./ -39:R.</ *5/ .5.3-:H*4/ 7*+3=6*:5/ HN/ H*:+.=/




























n)#(*f'#! n<b<! )! b'(),',! i<]<! &6E!<! L*6-:+35/ .57/ @O:=@O:-,=/ -34:R3-N/ ?-:9/ .5.3-:H*4/ 4:c7*+3=6*:5/





V:<*7/ f.=63<! b'$*,3('+3! -6! m)-#-9)7*#! E^03'(0! "+9)+'',)+9>! o*0K)+93-+! E3*3'! Q+)2',0)3^<! "7-#-9^!
c1.#)7*3)-+!]-<!GUWGUWGF[<!
!
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